Introduction {#sec1}
============

Intra-abdominal infection (IAI), including diffuse peritonitis and abdominal abscess, has the second highest incidence \[[@B1]\] of infectious diseases amongst inpatients. Despite diagnostic and therapeutic advances over the past decades, the mortality and complication rates of IAI remain high \[[@B2]\].

Intra-abdominal hypertension (IAH) is increasingly acknowledged as a difficult critical illness in clinical practice. The definition of IAH \[[@B3]\] is a sustained or repeated pathological elevation in intra-abdominal pressure (IAP) ≥12 mmHg. Because the rate of IAH morbidity and mortality remains high, it is still an enormous challenge for physicians \[[@B3]\].

For patients who have undergone major abdominal surgery or who have severe abdominal trauma, severe burns, or severe acute pancreatitis, IAI may coexist with IAH \[[@B4]\]. If treatment is not given promptly or is incorrect, patients can develop multiple organ dysfunction syndrome (MODS).

The gut is considered the motor of MODS and has a central role in disease progression \[[@B5]\]. Damage of the intestinal mucosal barrier function is an important factor of MODS \[[@B6]\]. Previous studies demonstrated that IAI \[[@B7]\] or IAH \[[@B8]\] alone caused intestinal mucosal barrier dysfunction. However, no studies have focussed on damage of intestinal mucosal barrier function when IAI coexists with IAH. The underlying pathophysiological changes of the intestinal mucosal barrier function during IAI combined with IAH are still unclear.

Therefore, we established a novel rabbit model of IAI combined with IAH. We examined pathological changes of the intestinal mucosa, intestinal mucosa barrier function, and intestinal mucosa redox status amongst disparate rabbit models (IAI alone, IAH alone, IAI combined with IAH, and control), and explored the effect of IAI combined with IAH on intestinal mucosa barrier function.

Methods {#sec2}
=======

Animals {#sec2-1}
-------

Forty-eight New Zealand white rabbits aged 6--8 months, weighing 2.50 ± 0.22 kg, were provided by Jinling Rabbit Breeding Farm (Nanjing, China). All rabbits were used and kept in a clean laboratory in Jinling Hospital (Nanjing, China). All the experimental protocols were approved by the Animal Ethics Committee of Jinling Hospital.

The rabbits were randomly divided into four groups: (i) IAI and IAH; (ii) IAI alone; (iii) IAH alone; and (iv) Control group. All the experiments were conducted in sodium pentobarbital-anesthetized (30 mg/kg, via an ear vein) rabbits. All the rabbits were fasted but had free access to water after experimental or sham operation.

Rabbit model of IAI alone {#sec2-2}
-------------------------

The IAI rabbit model was established by the cecal ligation puncture (CLP) procedure. Lower quadrants of the abdomen were shaved with an electric razor and sterilized with 75% ethanol. The contents were pushed gently toward the distal cecum. The cecum was perforated 2 cm away from the appendix and ligated at the proximal cecum. A small amount of feces was pressed from the site of perforation to ensure the puncture, and saline was injected intraperitoneally (37°C; 5 ml per 100 g body weight) and abdominal closure was performed. Then, rabbits were monitored for 48 h to observe adverse outcomes. The center portion of the abdominal wall was penetrated with an intravenous catheter (8Fr, SCW Medicath Ltd., Shenzhen, China) and the catheter was sutured on to the skin. The distal end of the catheter was connected to an IAP monitor (KrosFlo®, U.S.A.) and the other end was closed for 4 h.

Rabbit model of IAH alone {#sec2-3}
-------------------------

The IAH rabbit model was established by nitrogen pneumoperitoneum. Lower quadrants of the abdomen were shaved with an electric razor and sterilized with 75% ethanol. Sham operations were performed after waiting for 48 h. The rabbits were supine on a restraining device with an electric heating pad to maintain body temperature at 37°C during the procedure. The center portion of the abdominal wall was penetrated with an intravenous catheter and the catheter was sutured on to the skin. The distal end of the catheter was connected to an IAP monitor, and the other end was connected to a nitrogen supply. After the target IAP (20 mmHg) was achieved, a low flow of nitrogen was used for maintenance for 4 h.

Rabbit model of IAI combined with IAH {#sec2-4}
-------------------------------------

The CLP procedure (as described in the Rabbit model of IAI alone) was performed after anesthesia (waiting for 48 h). Nitrogen pneumoperitoneum was established for 4 hours at an IAP of 20 mmHg (as described in Rabbit model of IAH alone). The control group underwent sham CLP operations (waiting for 48 h) and sham nitrogen pneumoperitoneum (waiting for 4 h).

Samples collection and treatment {#sec2-5}
--------------------------------

Portal vein blood (4 ml) and intestinal mucosa tissue (2 g) were collected after the model was established. Portal vein blood mixed with anticoagulation agents was divided into four parts and stored at 4°C in the dark. Intestinal mucosa tissues were divided into three parts. Two parts were directly stored in liquid nitrogen. The other part was used to prepare tissue homogenates in an ice bath. Supernatant was extracted by centrifugation (3000 rpm, 4°C, 10 min) and stored in liquid nitrogen.

Evaluation of intestinal mucosal injury {#sec2-6}
---------------------------------------

### Pathological changes observed by light and transmission electron microscopy {#sec2-6-1}

One part of the mucosa tissue sample was paraformaldehyde fixed for 24 h, embedded in paraffin, sectioned, and stained with Hematoxylin-Eosin for light microscopy. Another part was fixed in 0.5% glutaraldehyde, embedded in paraffin, and sectioned for TEM.

Histopathologic scores were graded under light microscopy, including the extent of lesions, infiltration depth of lesions, edema, inflammatory cell infiltration, and other lesions (assessment scores range from 0 to 4, respectively). The mean of the total scores was the histopathologic score.

### Intestinal mucosa barrier function {#sec2-6-2}

Intestinal mucosa barrier permeability was measured by FITC-conjugated dextran (FITC-dextran, 4 kDa, Sigma--Aldrich®, St. Louis, U.S.A.). FITC-dextran (10 mg/kg) was administered through a gastric tube (6\#, Jiangyang®, Yangzhou, China), 30 min before the nitrogen pneumoperitoneum process ended or the sham nitrogen pneumoperitoneum process ended. The plasma concentration of FITC-dextran was tested by fluorospectrophotometer (F93, Shanghai Precision & Scientific Instrument Co. Ltd., China).

The plasma concentrations of endotoxin (LPS), [d]{.smallcaps}-Lactate, and diamine oxidase (DAO) were measured by ELISA kits (Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions. Each experiment was repeated three times.

### The expression of occludin in intestinal mucosa tissues {#sec2-6-3}

Intestinal mucosa tissue supernatant was investigated by Western blot to determine the level of occludin and the mRNA expression of occludin was determined by quantitative real-time PCR (real-time PCR).

### Western blotting {#sec2-6-4}

Forty micrograms of total protein extracts were separated by SDS/PAGE (AS1012; ASPEN, Wuhan, China) and transferred on to PVDF membranes (IPVH00010; Millipore, Darmstadt, Germany). The membranes were blocked with milk for 1 h at room temperature and incubated in primary antibodies overnight at 4°C. After washing three times with TBS-Tween 20 (TBST), the corresponding secondary antibodies were added and incubated at 37°C for 2 h. Anti-occludin antibody (ab168986) and GAPDH antibody were from Abcam (Cambridge, U.K.). The band density was measured with an image analysis system (AlphaEaseFC, Alpha Innotech, San Jose, U.S.A.).

### Real-time PCR validation {#sec2-6-5}

RNA TRIzol reagent was used to extract total RNA (Invitrogen, Massachusetts, U.S.A.), according to the manufacturer's instructions. Real-time PCR was performed by using SYBR® Premix ExTaq™ to analyze *occludin* mRNA (Takara, Dalian, China) using a StepOne™ Real-Time PCR machine (Life Technologies, Massachusetts, U.S.A.). Gene expression data were normalized to *GAPDH* mRNA levels. The primer sequences are listed in [Table 1](#T1){ref-type="table"}.

###### Primer sequence for real-time PCR

  Target gene   Primer sequence                                 Product size (bp)
  ------------- ----------------- ----------------------------- -------------------
  *Occludin*    Forward           5′-GAGACACCTTCCAAAAGGCC-3′    141
                Reverse           5′-CGGATACTCCCTGATCCAGTC-3′   

### Intestinal mucosa redox status {#sec2-6-6}

The concentrations of malonaldehyde (MDA), superoxide dismutase (SOD), and GSH in ileum mucosa tissue supernatants were measured by ELISA kits (Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions.

Statistics {#sec2-7}
----------

Statistical analysis and figure drawings were performed with Prism (GraphPad Software, Inc., version 6.0c). Categorical variables, such as mortality, were analyzed by Fisher's exact test. Continuous variables are shown as the mean ± S.D. Student's unpaired *t* test was used to compare continuous variables between groups. *P*-values \<0.001 was regarded as statistically different and indicated by \*\*\* in figures. All *P*-values were two-sided.

Ethics approval and consent to participate {#sec2-8}
------------------------------------------

All the experimental protocols were approved by Animal Ethics Committee of Jinling Hospital.

Results {#sec3}
=======

Mortality {#sec3-1}
---------

The mortality of the four groups was different. The mortality was highest in the IAI and IAH group (41.7%), followed by the IAH (25.0%), IAI (16.7%), and control groups (0).

Pathological changes observed by light and transmission electron microscopy {#sec3-2}
---------------------------------------------------------------------------

As shown in [Figure 1](#F1){ref-type="fig"}, obvious pathological changes were observed under light microscopy and fluorescent microscopy. Intestinal mucosa damage was most severe in the IAI and IAH group, and normal intestinal mucosa was observed in the control group.

![Comparisons of pathological changes of mouse ileal tissues by light microscopy\
Ileum sections were stained with Hematoxylin-Eosin. Obvious intestinal mucosal damage and normal intestinal mucosal are shown by a black arrow. (**a**) IAI group; (**b**) IAH group; (**c**) IAI and IAH group; (**d**) Control group. Scale bars =50 μm.](bsr-38-bsr20170931-g1){#F1}

Histopathologic scores were assessed in each group. The scores were highest in the IAI and IAH group (7.75), followed by the IAI (5), IAH (4.5), and control groups (0).

The structural damage of tight junctions was observed by TEM in three experimental groups ([Figure 2](#F2){ref-type="fig"}).

![Comparisons of pathological changes of mouse ileal tissues by TEM\
The deterioration of tight junction and normal structure are indicated by a black arrow. (**a**) IAI group; (**b**) IAH group; (**c**) IAI and IAH group; (**d**) Control group. Scale bars =0.5 μm.](bsr-38-bsr20170931-g2){#F2}

Intestinal mucosa barrier function {#sec3-3}
----------------------------------

### FITC-dextran {#sec3-3-1}

As shown in [Figure 3](#F3){ref-type="fig"}a, the plasma concentration of FITC-dextran was highest in the IAI and IAH group (38.67 ± 1.78 mg/l, *n*=7), which was significantly higher compared with the IAI (20.06 ± 1.13 mg/l, *n*=10), IAH (7.60 ± 0.36 mg/l, *n*=9), and control groups (4.01 ± 0.22 mg/l, *n*=12).

![Intestinal mucosa barrier function assessed by the plasma concentrations of FITC-dextran, LPS, [d]{.smallcaps}-Lactate, and DAO\
The data were analyzed by Student's *t* test and presented as the mean ± S.D. of three independent experiments. Plasma concentrations of (**a**) FITC-dextran; (**b**) LPS; (**c**) [d]{.smallcaps}-Lactate; and (**d**) DAO. Values are the means ± S.D. represented by vertical bars. \*\*\**P*\<0.001 compared with control groups.](bsr-38-bsr20170931-g3){#F3}

### LPS {#sec3-3-2}

Similar findings were observed for the plasma concentrations of LPS ([Figure 3](#F3){ref-type="fig"}b), which were highest in the IAI and IAH group (1.035 ± 0.053 EU/ml, *n*=7), which was significantly higher compared with the IAI (0.825 ± 0.011 EU/ml, *n*=10), IAH (0.621 ± 0.030 EU/ml, *n*=9), and control groups (0.118 ± 0.010 EU/ml, *n*=12).

### [d]{.smallcaps}-Lactate {#sec3-3-3}

The plasma concentrations of [d]{.smallcaps}-Lactate were highest in the IAI and IAH group (16.06 ± 0.55 mg/l, *n*=7), and were significantly higher compared with the IAI (11.73 ± 0.42 mg/l, *n*=10), IAH (10.29 ± 1.11 mg/l, *n*=9), and control groups (2.41 ± 0.15 mg/l, *n*=12), as shown in [Figure 3](#F3){ref-type="fig"}c.

### DAO {#sec3-3-4}

The plasma concentrations of DAO ([Figure 3](#F3){ref-type="fig"}d) were highest in the IAI and IAH group (1.462 ± 0.092 U/ml, *n*=7), and were significantly higher compared with the IAI (0.848 ± 0.018 U/ml, *n*=10), IAH (0.920 ± 0.025 U/ml, *n*=9), and control groups (0.279 ± 0.038 U/ml, *n*=12). All of the above comparisons were statistically significant (*P*\<0.001).

### The tight junction protein: occludin expression was reduced {#sec3-3-5}

Western blot analysis ([Figure 4](#F4){ref-type="fig"}a,b) showed that the expression of occludin protein in ileum mucosa tissue was lowest in the IAI and IAH group compared with the other groups. Occludin expression was lower in the IAI and IAH groups compared with the control group.

![*Occludin* mRNA and protein expressions in mouse ileum mucosa\
(**a**) The protein expression of occludin was determined by Western blotting. (**b**) The gray values of occludin protein. (**c**) *Occludin* mRNA relative expression level detected by real time-PCR. \*\*\**P*\<0.001 compared with control groups.](bsr-38-bsr20170931-g4){#F4}

Real-time PCR analysis ([Figure 4](#F4){ref-type="fig"}c) revealed that *occludin* mRNA was lowest in the ileum mucosa tissue of the IAI and IAH group, which was significantly lower compared with the IAI, IAH and control groups. All the above comparisons were statistically significant (*P*\<0.001).

### Intestinal mucosa redox status {#sec3-3-6}

As shown in [Figure 5](#F5){ref-type="fig"}a, the concentrations of MDA in the ileum mucosa tissue were highest in the IAI and IAH group (6.12 ± 0.45 nmol/mg prot, *n*=7), and were significantly higher compared with the IAI (1.96 ± 0.26 nmol/mg prot, *n*=10), IAH (0.99 ± 0.120 nmol/mg prot, *n*=9), and control groups (0.15 ± 0.01 nmol/mg prot, *n*=12).

![Intestinal mucosa redox status as assessed by the concentrations of MDA, SOD, and GSH in mouse ileum mucosa\
The data were analyzed by Student's *t* test and presented as the mean ± S.D. of three independent experiments. Concentrations of (**a**) MDA; (**b**) SOD; and (**c**) GSH in ileum mucosa tissues. Values are the means ± S.D. represented by vertical bars. \*\*\**P*\<0.001 compared with control groups.](bsr-38-bsr20170931-g5){#F5}

For reducing substances, SOD ([Figure 5](#F5){ref-type="fig"}b) and GSH ([Figure 5](#F5){ref-type="fig"}c) exhibited an opposite trend in ileum mucosa tissues. The lowest levels of SOD and GSH were in the IAI and IAH group (SOD: 128.00 ± 15.07 NU/mg prot; GSH: 13.7 ± 1.80, *n*=7), and these were significantly lower compared with the IAI (SOD: 245.50 ± 8.41 NU/mg prot; GSH: 24.17 ± 1.29 nmol/mg prot, *n*=10), IAH (SOD: 232.40 ± 10.50 NU/mg prot; GSH: 24.73 ± 1.07 nmol/mg prot, *n*=9), and control groups (SOD: 550.60 ± 21.84 NU/mg prot; GSH: 36.81 ± 2.15 nmol/mg prot, *n*=12).

Discussion {#sec4}
==========

IAI and IAH are critical problems in clinical practice. Damage of intestinal mucosal barrier function is the trigger and a major factor of MODS \[[@B5],[@B9]\]. Therefore, it is necessary to diagnose and treat the damage in a timely way \[[@B10]\]. We successfully established an animal model of IAI \[[@B11]\] and IAH \[[@B8],[@B12]\]. Previous studies \[[@B12]--[@B16]\] only focussed on the impact of a single factor (IAI or IAH) in their corresponding animal models. To date, there has been no report of a combined IAI and IAH animal model.

Here, we report the establishment of a rabbit model that simulates IAI combined with IAH, and verify its effectiveness by evaluating damage of intestinal mucosal barrier function. The study also compared intestinal mucosal barrier dysfunction amongst four groups: IAI combined with IAH, IAI alone, IAH alone, and healthy controls. We report that the combined effect of IAI and IAH aggravated tissue damage in the model, which was significantly more severe than the single factor groups.

The mortality of the IAI and IAH group was significantly higher amongst the groups. The effect was similar to that seen in clinical practice, as IAI combined with IAH is a life-threatening condition \[[@B17]\].

In addition to the mortality rate, we performed pathologic analyses. Severe damage to the intestinal mucosa in the IAI and IAH group was observed under light microscopy. As expected, histopathologic scores were also highest in the IAI and IAH group compared with the other groups, which was consistent with the light microscopy findings. Obvious structural damage of the tight junctions was observed by TEM in the IAI and IAH group.

In the IAI and IAH rabbit model, the plasma concentration of FITC-dextran was significantly higher compared with the other groups. FITC-dextran \[[@B18]\] is a commonly used method for testing intestinal barrier permeability. The intestinal barrier permeability was seriously impaired in the IAI and IAH group.

A similar trend was evident for the studies using LPS. LPS is released by breakdown of the cell walls of Gram-negative bacteria, and is an index to measure intestinal barrier permeability \[[@B19]\]. Trends of FITC-dextran and LPS were different amongst the four groups. A large amount of LPS was released into the blood after intestinal mucosal barrier damage under stress states (including IAI and IAH). This might explain the inconsistencies in data between FITC-dextran and LPS. Changes in microbial composition might also be related to these inconsistencies. Leng et al. \[[@B12]\] found that in an IAH model, a Gram-positive bacteria, Firmicutes, was significantly decreased, while a Gram-negative bacteria, Proteobacteria, was increased markedly. Hence, increased LPS was released into the blood in the IAH model. Further research is required to explore this hypothesis. Following intestinal mucosal barrier damage, LPS was released into the blood circulation, which can cause sepsis, MODS, or even death \[[@B19]\]. Therefore, an early diagnosis and timely intervention are critical to prevent adverse outcomes.

[d]{.smallcaps}-Lactate is a bacterial metabolite produced by several kinds of intestinal bacteria. Under stress status, bacteria multiply and in addition to an increase in intestinal mucosal permeability, might result in increased concentrations of [d]{.smallcaps}-Lactate released into the blood \[[@B20]\]. Therefore, monitoring the plasma concentration of [d]{.smallcaps}-Lactate might reflect intestinal mucosal damage and permeability. Similar to the LPS study, the plasma concentration of [d]{.smallcaps}-Lactate was highest in the IAI and IAH group, indicating that the intestinal mucosal barrier function was markedly altered.

When severe infection or even sepsis occurs, the levels of inflammatory mediators increase, leading to inflammatory cascade reactions and damage to villus cells. DAO is an enzyme with high activity in villus cells, especially in the ileal mucosa tissue. Therefore, increased concentrations of DAO in ileal mucosa tissues suggests intestinal barrier damage \[[@B21]\]. Unsurprisingly, in our study, the concentration of DAO was highest in the IAI and IAH group compared with the other groups.

The structures of tight junctions were impaired in the experimental groups, especially in the IAI and IAH group. However, the expression of tight junction protein family remained unclear in the rabbit model. Occludin \[[@B22]--[@B24]\], a tight junction protein, is a representative marker of intestinal mucosal barrier dysfunction. The expressions of occludin protein and mRNA in ileum mucosa tissue were low in the IAI and IAH group. These results confirmed the findings by SEM, and revealed the molecular mechanisms involved in the IAI and IAH group.

However, occludin expression shown in [Figure 4](#F4){ref-type="fig"} does not correlate with the data in [Figure 3](#F3){ref-type="fig"}, suggesting that there might be additional factors that contribute to damage in the IAI and IAH model. After measuring the protein and mRNA levels of other tight junction proteins (Claudin-2, Claudin-5, JAM-A, and ZO-1), no significant differences were found between the groups. This suggests factors other than these are involved in the IAH and IAI model, which we will explore in the future.

MDA, a representative oxidizing substance in ileum mucosa tissues, was used to evaluate the oxidizing status. The concentration of MDA was highest in IAI and IAH group compared with the other groups. In contrast, SOD and GSH, representative reducing substances in ileum mucosa tissues, were lowest in the IAI and IAH group. Leng et al. \[[@B25]\] found that IAH caused adverse effects based on the pro-oxidant--antioxidant balance. In our study, the levels of MDA were increased significantly, whereas those of the antioxidant substances, GSH-Px and SOD tended to decline. Given the above, the intestinal mucosa tissue in the IAI and IAH group indicated oxidizing stress status.

There were some limitations in the present study. This study established an animal model that was used to observe pathologic changes. However, the underlying mechanisms of IAI combined with IAH are still unclear. Previous studies \[[@B12],[@B25],[@B26]\] using simple IAH models reported that intestinal bacterial translocation and Toll-like receptor 4 were the underlying mechanisms of IAH-derived sepsis. These factors might also be involved in the IAI combined with IAH model, where other signal pathways participate in the pathologic changes. Further research has been done by our team to validate the mechanisms. Strier et al. \[[@B26]\] found that in the IAH group (IAP at 15 mm Hg), high amounts of bacteria (such as *Escherichia coli, Enterococcus faecalis, Staphylococcus*, and *Streptococcus*) translocated to the mesenteric lymph nodes, portal vein blood, and liver. Leng et al. \[[@B12]\] reported changes in the microbial composition during IAH (IAP at 20 mm Hg). Furthermore, IAH resulted in a decrease in the relative abundance of Firmicutes species and an increase in the relative abundance of Proteobacteria. Thus, disturbed host--microbiota interactions might result in gut-derived sepsis.

Changes in microbial composition were also reported in IAI patients \[[@B27]\]. Therefore, changes in microbial composition are of great research interest. The use of probiotics might be a new clinical treatment for critically ill patients that develop IAI and IAH.

Further research is needed to explore the pathophysiologic foundations and underlying mechanisms of IAI combined with IAH. Better therapies and interventions might be applied in clinical practice by means of the animal model established here.

Conclusion {#sec5}
==========

IAI combined with IAH aggravates damage of intestinal mucosa tissue in a rabbit model, as well as altering intestinal mucosa barrier functions (especially the tight junction protein, occludin) and intestinal mucosa redox status. The combined effects were significantly more severe than a single factor alone. IAI combined with IAH should be prevented and treated effectively in clinical practice.
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